Aberrant crypt foci (ACF), consisting of morphologically irregular crypts, are thought to be precancerous lesions for colon cancers. For their molecular analysis, it is necessary to avoid contamination with adjacent normal crypts and stromal cells. Decreased hexosaminidase activity in ACF, which has been histochemically demonstrated, was used in the present study to classify isolated crypts in combination with morphological changes. The length, rim diameter, and width (average ± ± ± ±SD, µ µ µ µm) of hexosaminidase-positive (Hex + + + +) crypts were 238.6 ± ± ± ±40.4, 89.5 ± ± ± ±22.9, and 57.6 ± ± ± ±14.0, respectively. For hexosaminidase-negative (Hex − − − −) crypts, the values were 314.4 ± ± ± ±77.8,
The histogenesis of colon tumors involves a series of micro-and macroscopic mucosal lesions, ranging from aberrant crypt foci (ACF) to benign tumors and malignant cancers. By means of microscopic examination of methylene blue-stained mucosa, ACF as small as single crypts can be detected.
1) The characterization of such early precursor lesions of colon cancer should increase our understanding of oncogenesis, these having been proposed as putative preneoplastic lesions by Bird in 1987 . 2) They are induced by administration of colon carcinogens in a dosedependent manner, 3) and histopathological assessment has shown that they may be either indistinguishable from normal, or adenomatous with marked cellular atypia in rats, 4) but they generally have an elevated proliferation index. 5) In addition to morphological change, functional or biochemical alterations may occur in preneoplastic lesions. In colon, alteration of hexosaminidase activity has been reported to be linked with neoplasms in humans 6, 7) and rodents. 8) Enzyme-altered foci (EAF) have been proposed by Pretlow and colleagues 9, 10) as one of the earliest colonic crypt lesions. They analyzed EAF in unembedded or whole-mount preparations of colons from carcinogentreated rats, and found two populations of enzyme-altered crypts including examples which were morphologically aberrant and others which appeared normal.
11) EAF, along with ACF, have been used as biomarkers for assessment of the effect of genotoxic [12] [13] [14] and nongenotoxic 14) carcinogens as well as chemopreventive agents. 15) β-Hexosaminidase/N-acetyl-β-D-glucosaminidase (EC 3.2.1.52) is a lysosomal enzyme. The HEXA and HEXB genes encode the β-hexosaminidase α-and β-subunits, respectively, which dimerize to produce two major forms of the enzyme, A (acidic, αβ dimer) and B (basic, ββ dimer) and a minor form, S (αα dimer), among which the A isozyme degrades G M2 gangliosides in concert with the G M2 activator, a ganglioside binding protein encoded by the GM2A gene. In man, mutations in the HEXA and HEXB genes are known to cause Tay-Sachs and Sandhoff diseases, respectively.
16) The mouse Hexa and the Hexb genes have been cloned 17) and knockout mice 18, 19) have been developed as human G M2 gangliosidosis models, but they have not so far been studied in relation to the development of ACF and colon carcinogenesis.
To clarify whether ACF are directly related to carcinogenesis or are just innocent bystanders incidental to carcinogen exposure, it is necessary to analyze crypts individually. However, ACF have been simply defined as having an aberrant appearance when viewed on the mucosal surface. Thus, to establish criteria for selection of aber-rant crypts upon crypt isolation, [20] [21] [22] hexosaminidase staining was utilized to distinguish aberrant crypts from normal ones. For comparison of selected isolated aberrant crypts with 'normal' counterparts, molecular analysis of the expression of hexosaminidase α-and β-subunit mRNAs was performed with β-actin mRNA as a reference, with the real-time relative quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) utilizing a LightCycler system to measure the decreased mRNA levels.
MATERIALS AND METHODS
Animals Five-week-old male Fischer rats were purchased from Charles River Japan Inc. (Kanagawa) and maintained on basal diet (Oriental NMF, Oriental Yeast Co., Tokyo) and water ad libitum and housed in plastic cages in an airconditioned room at 24°C with a 12 h light-12 h dark cycle.
Experimental protocol
1,2-Dimethylhydrazine⋅2HCl (Tokyo Chemical Industry, Tokyo) was injected subcutaneously at 20 mg/kg body weight once a week for 10 weeks. Animals were euthanized at experimental weeks 10 and 20. Crypt isolation The distal half of the colonic epithelium was isolated and treated with 30 mM ethylenediaminetetraacetic acid (EDTA) (Dojin, Kumamoto) in Hanks' balanced salt solution. The crypts were isolated as described elsewhere, [20] [21] [22] and fixed either in 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2 for 2 h for hexosaminidase staining or in 70% ethanol for molecular analysis. Hexosaminidase staining The procedure for hexosaminidase staining was as described by Hayashi 23) with slight modifications. 24) Briefly, the working solution was prepared as follows: 3 mg of naphthol AS-BI N-acetyl-β-glucosaminide (Sigma, St. Louis, MO) was dissolved in 5 ml of ethylene glycol monomethyl ether (Nacalai Tesque, Kyoto), and 9.5 ml of 0.1 M citrate buffer, pH 4.7 and 10 mg of fast garnet GBC (Sigma) was added. Paraformaldehyde-fixed isolated crypts were washed in phosphate-buffered saline, pH 7.4, three times and incubated in the working solution for 30 min at 37°C. Comparison of dimensions of hexosaminidase-positive (Hex + + + +) and negative (Hex − − − −) crypts The length, rim diameter and width of 121 Hex+ and 134 Hex− crypts were measured using a micrometer under a microscope (Olympus, Tokyo) and values were compared statistically with the t test. 25) Distributions of the widths of Hex+ and Hex− crypts were standardized, and probabilities were calculated. 25) Total RNA isolation from isolated crypts Ethanol-fixed isolated crypts were subjected to total RNA isolation as basically described [26] [27] [28] with slight modifications. Lysis solution (Solution D+) containing 4 M guanidine thiocyanate (Wako, Osaka), 25 mM sodium citrate (Wako), pH 7, 0.5% N-lauroylsarcosine sodium salt (Nakalai Tesque), 0.1 M 2-mercaptoethanol (Sigma) and 200 µg/ml proteinase K (Wako) was used instead of the original Solution D. Proteinase K was indispensable to lyse ethanol-fixed crypts. Single crypts were transferred to 0.5 ml microfuge tubes under a stereoscopic microscope. After 50 µl of Solution D+ was added, samples were vortexed for 15 s at maximum speed at room temperature, incubated for 10 min at 37°C, and again vortexed for 15 s at maximum speed. Lysis of the crypts was monitored under a stereoscopic microscope (Olympus). Then, 5 µl of 2 M sodium acetate, pH 4 (Wako), 50 µl of buffer-saturated phenol (Gibco BRL, Grand Island, NY), and 10 µl of chloroformisoamyl alcohol mixture (24:1) (Wako) were added and mixed vigorously. Samples were cooled on ice and centrifuged for 15 min at 12 000 rpm. The top aqueous phase was transferred to a new 0.5 ml tube, mixed with 50 µl of isopropanol containing 1 µl of Ethachinmate (Nippon Gene, Toyama) to improve recovery, and incubated for 1 h at −20°C. Samples were precipitated by centrifugation for 15 min at 13 000 rpm, washed in 200 µl of pre-chilled 75% ethanol, air-dried, and redissolved in 9 µl of distilled water (Wako) at 50°C for 10 min. Reverse transcription First-strand cDNA was synthesized as described 29) using the Thermoscript RT-PCR System (Gibco BRL) according to the manufacturer's instructions. Briefly, 1 µl of oligo(dT) 20 was added to 9 µl of RNA extracted above, and the mixture was incubated at 65°C for 5 min, and placed on ice. Then reverse transcription was performed in the presence of 5 mM dithiothreitol (DTT), 2 U/µl RNase inhibitor (RNaseOUT), 1 mM dNTP, and 0.375 units/µl Thermoscript Reverse Transcriptase at 50°C for 60 min. Reactions were terminated by heating at 85°C for 5 min and the products were stored at −20°C until use. Relative quantitation of hexosaminidase α α α α (Hexa) and β β β β (Hexb) subunit mRNAs Relative quantitative PCR was performed with a LightCycler (Roche Diagnostics, Mannheim, Germany), with β-actin as the reference. PCR was performed basically as described 30) using a SYBR Green PCR Core Reagents kit (Perkin-Elmer Applied Biosystems, Foster City, CA). For the PCR, a 20 µl reaction mixture was used containing 2 µl of cDNA, 200 nM each of 5′ and 3′ primers, 200 µM each of dATP, dCTP, and dGTP, 400 µM dUTP, 1.5 (for β-actin and Hexa) or 3 (for Hexb) mM MgCl 2 , 0.25 mg/ml deionized bovine albumin, fraction V (Sigma, Cat. No. A6918), 0.025 units/µl AmpliTaq Gold DNA polymerase and the provided buffer. The 5′-and 3′-primer sequences for amplification of rat β-actin gene were derived from exons 5 and 6, respectively. 31) Rat Hexa and Hexb cDNA were partially cloned (Yamaguchi et al., manuscript in preparation) and primers, showing low similarity with each other, were selected in different exons (Table I) . Mouse cDNA sequences 17) were used for deduction of primer localization. The PCR program was 95°C for 10 min to activate AmpliTaq Gold, followed by 50 cycles of 95°C for 60 s to denature, 60°C for 60 s for annealing, 72°C for 60 s for extension with a 20°C/s slope. SYBR Green fluorescence was measured at the end of each extension. Four to 5 normal and aberrant crypts each per animal were used to analyze Hexa and Hexb expression levels, normalized to the β-actin level for one set of experiments. Seven sets were performed.
RESULTS
Development of ACF Methylene blue staining of colon epithelium allowed ACF to be recognized (data not shown). Hexosaminidase staining showed ACF to be negatively dyed, surrounded by normal small round crypts having red grains (Fig. 1) . Hexosaminidase staining of isolated crypts Isolated crypts were detected with hexosaminidase staining as Hex+ and Hex− crypts as shown in Fig. 2A . Hex− crypts (Fig. 2B , arrow and arrowhead) had a wider crypt diameter than adjacent Hex+ crypts. They also appeared longer, with a greater rim diameter. The sizes of the isolated crypts were consistent with those of crypts in whole mounts ( Fig. 1 ). 5′-AAA GAT TTT GGA TAT TAT CAC ATC C-3′ (sense) exons 9-10 276 rhexb2 5′-ACA AGT TGT TTC TGC TTC TCC-3′ (antisense) exon 12 a) and b) Hexosaminidase α-and β-subunits. Size distribution of Hex + + + + and Hex − − − − crypts One hundred and twenty-one Hex+ and 134 Hex− crypts were measured for length, rim diameter and width as illustrated in Fig. 3A . Histograms along with normal probability density functions were plotted (Fig. 3B) . The average values (µ)±SD (σ) for these dimensions of Hex+ crypts were 238.6±40.4 µm, 89.5±22.9 µm, and 57.6±14.0 µm, respectively. For Hex− crypts, the values were 314.4± Fig. 3. (A) A scheme of a crypt showing which parts were measured for length, width, and rim diameter. (B) Histograms along with normal probability density functions. Average (µ)±SD (σ) (µm) values for Hex+ crypts' length, rim diameter, and width were 238.6±40.4, 89.5±22.9, and 57.6±4.0, respectively, and those for Hex− crypts were 314.4±77.8, 140.3±45.7, and 97.3±34.7. The length of Hex− crypts was 1.32 times longer, the rim diameter was 1.57 times bigger, and the width was 1.69 times wider, with statistical significance (P<0.0001). (C) Normal density functions of Hex+ and Hex− for width are superimposed. Crypts smaller than µ Hex+ +2σ Hex+ (85.6 µm) were judged as normal independent of staining, and those larger than this cut-off as aberrant crypts. With crypts bigger than 2µ Hex+ (115.1 µm), where µ Hex− +0.51σ Hex− and µ Hex+ +4.1σ Hex+ , the probabilities of being Hex− and Hex+ crypts were 0.304 and 2×10
−5 , respectively.
77.8 µm, 140.3±45.7 µm, and 97.3±34.7 µm. Comparing the average sizes, the length of Hex− crypts was 1.32 times longer, the rim diameter was 1.57 times bigger, and the width was 1.69 times wider, all three increases being significant (P<0.0001). Since the difference of the width was the largest, it was chosen for further analysis.
As shown in Fig. 3C , the histogram of the width could be approximated as a normal distribution. With the average±2SD generally considered as the normal range, crypts smaller than µ+2σ for Hex+ crypts (µ Hex+ + 2σ Hex+ =85.6 µm) would be judged as normal and those larger than this as aberrant. When crypts larger than 2 µ Hex+ (115.1 µm) were considered, with µ Hex− +0.51σ Hex − for Hex− and µ Hex+ +4.1σ Hex+ for Hex+ distribution, the probabilities of being Hex− and Hex+ were 0.304 and 2×10 −5 , respectively. Thus, it was possible to predict Hex− aberrant crypts only from size data with almost 100% probability. Relative quantitative analysis of Hexa and Hexb subunit mRNAs Some crypts were fixed in 70% ethanol and stored at −20°C to preserve nucleic acids. Since these could not be visualized with Hex staining because of inactivation of the enzyme by the ethanol, crypts sized approximately 2 times normal crypts (2µ Hex+ ) were isolated for molecular analysis of expression levels of β-actin, Hexa, and Hexb using the LightCycler. Representative results are shown in Fig. 4A . The noise band cursor was set at a 1.18 fluorescence level to remove background, and the crossing line was adjusted to 9.86 in the linear exponential phase. The crossing points for β-actin, Hexa, and Hexb of an aberrant crypt were 25. The fluorescence intensity was calculated with the following function, where F is fluorescence intensity, k is constant, X is copy number, and n is cycle number to give the F value for fluorescence (PCR efficiency is considered as 100% here to simplify the calculation, though it was actually reported to be approximately 80% 32) ):
So, the corrected copy number (X′) normalized with β-actin expression level (X o ) is:
where k o is a constant and n o is the cycle number to give the F value for fluorescence for β-actin. The formula was simplified as follows (F was arbitrarily set at 9.86 in Fig. 4A ):
If a logarithm is taken,
Since (logk o −logk) is a constant, logX′ is proportional to (n o −n). Therefore, the logarithm of the relative expression level or copy number for Hexa and Hexb of the aberrant (A) crypts (logX′ Aa and logX′ Ab ) is proportional to the difference of the crossing points (arrows in the bottom half of The ratio (R Aa ) of Hexa in an aberrant crypt compared to that in a normal crypt is:
Similarly, the ratio (R Ab ) of Hexb in an aberrant crypt compared to that in a normal crypt is:
Therefore the logarithm of R Aa and R Ab expression of aberrant compared with normal crypt was calculated as follows (average values in 7 independent experiments and overall average are given in Table II where logR Na =logR Nb =0. Thus, R Aa and R Ab were as follows:
where R Na =R Nb =1. The same calculation was performed for other aberrant crypts compared with normal ones. Mean−SD, mean, and mean+SD for logR Aa were −2.72, −1.91, and −1.04 (the right-most column in Table II) . Thus, those for R Aa were 0.152, 0.266, and 0.488 (Fig.  4B) . Similarly, those for logR Ab were −4.40, −2.94, and −1.47 (the right-most column in Table II) , and or R Ab were 0.047, 0.130, and 0.360 (Fig. 4C) . After the LightCycler reaction, the samples were electrophoresed in 2.5% agarose gels, and visualized with ethidium bromide to confirm that there was no obvious primer dimer formation or amplification of any extra bands. Total RNA samples without reverse transcription (RT) provided no apparent PCR amplification (data not shown).
DISCUSSION
ACF are the earliest preneoplastic lesions found in carcinogen-treated animals and cancer-bearing patients. 33 ) For a) Crossing points for Hexa and Hexb for each sample as shown in Fig. 4 were normalized with that for β-actin. Relative cycle numbers in aberrant crypts were calculated by subtraction of the value for normal crypts from that of aberrant crypts (logR Aa and logR Ab , see "Results" for the calculation). Each value is an average from 4 or 5 crypts in each experiment. Overall averages of 6 or 7 experiments are described in the right-most column. b) and c) Value for aberrant crypts is statistically significantly lower than that for normal crypts, which is 0, with the Mann-Whitney U test (P<0.002 and P<0.001, respectively).
analysis of ACF at the molecular level, it is necessary to be able to pick out single aberrant crypts in order to exclude adjacent normal crypts and pericryptal fibroblasts and inflammatory cells. Our crypt isolation technique 21, 30) is a powerful method meeting this requirement. However, ACF have so far been defined by their morphologically irregular appearance in methylene blue-stained colonic mucosa. Thus, we have established a simple and reliable method to distinguish aberrant crypts among large numbers of normal ones upon crypt isolation.
To help identify aberrant crypts, functional or biochemical criteria have been utilized. Pretlow et al. 9) histochemically revealed ACF to have decreased hexosaminidase activity. EAF have been characterized extensively in the livers of rodents treated with carcinogens. [34] [35] [36] [37] [38] [39] [40] Enzyme alterations are also observed in the glandular stomach in carcinogen-treated rodents, so-called pepsinogen-altered pyloric glands (PAPG), also considered as a stomach precancerous lesion. [41] [42] [43] [44] [45] [46] [47] We confirmed alteration of hexosaminidase activity by staining of paraformaldehydefixed whole mounted colonic mucosa. In contrast to the normal-shaped crypts bearing red grains, ACF remained lightly yellowish. Although, Pretlow et al. reported 11) two types of hexosaminidase-decreased lesions including both morphologically altered and apparently normal, there were very few of the latter with decreased hexosaminidase activity in our experiment up to 20 experimental weeks. In our study, hexosaminidase alteration was mostly found in ACF.
The other significant difference between Hex+ and Hex− crypts was in size. The rim diameter of the Hex− crypts was 1.57 times bigger than that of Hex+ ones, and they were therefore 2.46 times larger in terms of surface area. This coincides with the previous report 3) that aberrant crypts occupy 3 to 4 times the space of a normal crypt in mouse colon. The slight discrepancy between these data could be due to species specificity or the difference in measuring methods. Since the width of the crypt showed the largest difference between Hex+ and Hex− crypts, this factor was chosen as a potential marker. The histograms of crypt widths approximated to a normal distribution; the normal range was assumed to be below µ Hex+ +2σ Hex+ (85.6 µm). Applying the classification proposed by Pretlow et al. 11) which included EAF morphologically altered or aberrant (designated as A-EAF, i.e. ACF with decreased hexosaminidase activity) and those that were morphologically normal (N-EAF), Hex− crypts below µ Hex+ +2σ Hex+ may be N-EAF and ones bigger than that may be A-EAF. Since hexosaminidase staining required samples to be fixed with paraformaldehyde and incubated at 37°C for 1 h, this procedure was not appropriate for isolation of nucleic acids, especially RNA. Therefore, for better preservation, isolated crypts were fixed in 70% ethanol, with which hexosaminidase was inactivated. Thus, for the molecular analysis of ACF, large crypts with twice the average width of Hex+ crypts (2×57.6=115.1 µm) or larger were here selected, allowing 30% of Hex− ACF (large A-EAF) to be recovered with a negligible probability of contaminating Hex+ crypts. Although this selection might have failed to isolate some of the smaller A-EAF and N-EAF having potential for further progression to carcinomas, the population larger than 115 µm in width represented typical ACF with large size and morphological aberration, which have long been thought to be precancerous lesions and have been utilized as a biomarker of colon carcinogenesis.
Individual ACF may have different fates. Some may progress to become malignant tumors. Others may disappear, possibly through an apoptotic mechanism. To predict the outcome, it is necessary to apply molecular biology techniques to analyze the expression levels or mutation status of proliferation-or differentiation-associated genes for each crypt. To confirm that a selected crypt was really a Hex− aberrant crypt, the expression of Hexa and Hexb was then analyzed. For this purpose, real-time relative quantitative RT-PCR was performed using the LightCycler system. [48] [49] [50] Since there were big differences in size between aberrant and normal crypts, it was practically impossible to adjust input amount for an absolute quantitation. Therefore, relative amounts of Hexa and Hexb mRNAs were quantified with reference to a housekeeping gene, β-actin, according to a widely accepted procedure. 32, 51) As shown in Fig. 4A , crossing points (or threshold points) for β-actin in normal and aberrant crypts were widely distributed, probably reflecting their size. It would have been difficult to perform quantitation using a conventional PCR method as described by Bird et al. 28) Real-time quantitative PCR overcame this difficulty for relative quantitation even for very small samples from colonic crypts.
Hexa and Hexb expression levels in aberrant crypts were respectively 27% and 13% of those in normal crypts in rat colon. As Hexa and Hexb knockout mice 18, 19) have not been reported to have any apparent abnormalities in colonic mucosa, transcriptional down-regulation of these genes seems not to be functionally or structurally important, but seems to be a good molecular marker for dedifferentiation. However, it remains necessary to analyze the knockout mice to confirm the importance of Hex gene products during development and progression of ACF through colon cancers.
Here, we described a simple method to distinguish aberrant crypts from normal ones with a previously established crypt isolation technique. Crypts selected on size criteria could be confirmed as functionally or biochemically aberrant by quantification of Hexa and Hexb mRNA with the LightCycler real-time PCR. Skepticism about whether ACF are all really precancerous lesions for colon cancer has recently increased. We believe that our technique described here may be utilized to subclassify ACF into those with and without potential for progression, opening new avenues to molecular analysis of individual ACF. 
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